Rods are more conserved throughout the vertebrates, in terms of both structure and visual pigments, whereas cones are highly diverse in structure and can be divided into many spectrally distinct classes (possibly as many as five) within a given species. Rods could then be considered the simpler, and therefore ancestral, photoreceptor. However, in other respects rods could be considered to be more specialised than cones: they have a more complex morphology with isolated discs and are more sensitive, being capable of signalling the detection of a single photon. A possible way to approach the question of the ancestral vertebrate photoreceptor is to look at modem species that are thought to be direct descendants of the earliest of vertebrates.
The present-day cyclostomes, i.e. lampreys and hagfish, are considered to have arisen directly from ancient ostracoderms, extinct jawless, fish-like primitive vertebrates of the Silurian and Devonian periods. There has been much debate as to whether the photoreceptors of lampreys are rods or cones (see Crescitelli1), though it is clear that they have two classes of photoreceptor, one with long outer segments and the other with short outer segments. Both types of outer segment are morphologically cone-like in having many discs that are infoldings of the outer plasma membrane, but recent studies2--4 clearly demonstrate that the two classes are functionally different. Microspectrophotometrr has revealed that the shorter outer segments have a wavelength of maximum absorbance P�max) close to 517 nm, whereas the longer contain a pigment with Amax at about 555 nm. Further, the spectral sensitivity of the dark-adapted eye is maximal at about 510-520 nm, but with short-wave background illumination the maximum sensitivity is displaced to about 555 nm. These data strongly imply that the lamprey has a duplex retina with both cone-like and rod-like photoreceptors and exhibits a Purkinje shift between scotopic and photopic vision similar to that seen in most vertebrates. However, the rod-like photoreceptors also have cone-like features: the pigment reacts with hydroxylamine in a similar manner to cone pigments,S the cells apparently do not saturate at high light intensities and are also involved in photopic vision, perhaps even subserving a dichromatic colour vision system.2 Immunocytochemical reactions also support the idea that the shorter of the two outer segment types is rod-like and the longer cone-like. 3, 4 Rod opsin-like genes have been isolated and sequenced for the river lamprey, Lampetra japonica,6 and from the marine lamprey, 520 nm) of all vertebrate groups9-13 and is controlled by a chloride binding site composed of two positively charged amino acids, lysine and histidine, on the second extracellular loop of opsin. The chloride binding site is absent from some mamm alian long-wave cone pigments that have Amax closer to 500 nm.14 A conclusion that can be drawn from these studies of lamprey photoreceptors is that the ancestral vertebrate visual system was based on relatively unspecialised photoreceptors (perhaps more cone-like) and that at least two spectral classes of photoreceptor were present at a very early stage. The presence of the two classes of visual pigment suggests a gene duplication early in vertebrate evolution (about 400 MYA) to give a middle-wave sensitive (MWS), but non-chloride-sensitive visual pigment and a longer-wave-sensitive (LWS), chloride sensitive pigment, the chloride binding being necessary to spectrally tune a visual pigment to longer wavelengths. There is no reason why an ancestral vertebrate should not have been carryin g more than a single opsin gene and colour vision (requiring two spectral classes of photoreceptor), as distinct from photopic vision, may have been present in the earliest verterates.
A second group of modem representatives of vertebrate ancestral forms is the sturgeons (Chondrostei), which are considered to be degenerate ray-finn ed fish arising from ancestral Devonian forms (about 350 MYA). These fish have a clearly duplex retina with rods and at least three spectrally distinct classes of cone (with oil droplets). The cones (containing porphyropsins in Acipenser transmontanus) have Amax at about 610, 540 and 465 nm, whereas the rods have Amax at about 540 nm.
Sturgeons have colour-opponent horizontal cells (with possible up to six classes in Acipenser baieri), somewhat similar to teleosts.15-18 These data suggest that at a very early stage in vertebrate evolution there were at least four opsin families (a rod and three cones) with the neural mechanisms to give at least trichromatic colour vision.
Teleosts
Teleost fish (having evolved in the last 150 MY) show a great diversity of visual pigments and colour vision depending on their environment and life styles (for a review, see Bowmaker19), but in diurnal species living in relatively shallow water where a broad spectrum of light is available there are, in addition to rods, at least four spectral classes of cone including a violet-or ultraviolet sensitive (V /UVS) class. This arrangement appears common amongst cyprinids, such as the goldfish, which has cone pigments (porphyropsins) with Amax at about 620,530,450 and 375 nm. 20-22 A similar complement of cone pigments is found in salmonids such as trout,23,24 in poecilids such as guppies2s and in marine pomacentrids.26 These species have the potential for tetrachromatic colour vision and, at least in goldfish, there is behavioural evidence to support the hypothesis.27
Reptiles and birds
In some respects these two classes of vertebrates (at least Although there is little or no behavioural evidence to support the hypothesis, it seems reasonable to suggest that these species have evolved a tetrachromatic colour vision system. 
Visual pigment phylogeny
A very abridged and simplified phylogenetic tree is given in Fig. 1 , which is loosely based on that of , illustrates an early gene duplication to produce longer-and shorter-wave cone pigments. The initial division was rapidly followed by two further gene duplications to produce three spectral classes of cones within the shorter-wave family. A fourth gene duplication led to the evolution of rod pigments. Mammals retain cone pigments only from the longest-and shortest wavelength cone pigment families. Gene duplication within the long wave cone class has provided the basis for trichromacy in primates including humans. 
